INTRODUCTION
Inspection, according to damage tolerance criteria, requires that the NDI procedures be quantified in tenns of their sensitivity and reliability as defined by probability of detection (POD) and confidence limit measurements. The POD for NDI procedures can be assessed experimentally by inspecting statistically valid numbers of flawed and flaw-free parts using procedures that duplicate maintenance inspections. A comprehensive document describing testing and evaluation procedures for assessing the capability of an NDI system using POD and confidence limits has been published by AGARD [1] .
Under the auspices of the AGARD Structures and Materials Panel R&D Cooperation Program, a round-robin POD assessment of NDI procedures has been carried out. Six laboratories in four NATO countries participated in the project and they are referred as I, n, III, IV, V, and VI in this paper. The aim of the project was to detennine the sensitivity and reliability of NDI techniques presently employed by the participating laboratories and to detennine whether or not the employed procedures are adequate for the implementation of a damage tolerance-based maintenance approach, and therefore whether improved methods are needed. In this assessment, the bolt holes of several service-expired components from the 185-CAN40 engine which contained service-induced cracks were inspected. From the NDI and destructive test data, POD and lower confidence curves as a function of crack size were detennined for all techniques investigated and are presented in this paper.
EXPERIMENTAL PROCEDURES Test Components
The test components were service-expired compressor disks and spacers from the 185-CAN40 engine. These parts had remained in service beyond the safe-life-limit due to logistics problems with part replacement and as a result low cycle fatigue cracks of various sizes were present in some of the bolt holes. A total of seven sixth stage compressor disks and six fourth stage spacers were employed but only four discs were inspected by all the participating laboratories using similar techniques. The data for these four discs are directly compared and presented in this paper. A more comprehensive report which includes the data from all the components has been already published [2] . Each disk: had 40 bolt holes of 4.8 mm (0.188") diameter and therefore 160 inspection data sets were used to obtain the POD curves presented in this paper.
NDI TechniQJIes
The NDI techniques included liquid penetrant inspection (LPI), eddy current inspection (ECI), magnetic particle inspection (MPI), ultrasonic leaky-wave inspection (ULI) and X-ray inspection (XRI). More information on the inspection procedures are provided in Ref. [2] . LPI was carried out by five participating laboratories using a military or ASTM standard. Three of the laboratories performed MPI based on MIL-STD-1949. The eddy current technique was employed by five of the laboratories using different instruments and procedures. Most of the laboratories used manual or semi-automated (with spinning probes) eddy current instruments, which are designated as ECI, but one laboratory also employed an experimental automated scanner with either the operator interpreting the signals (Eel-A) or using pattern recognition to identify defective holes (ECI-AP). The same laboratory also employed X-radiography and ultrasonic leaky-waves as exploratory methods. More information on the ULI technique can be found in Reference [3] .
Destructive Crack Verification
After completion of all NDI, the existence of cracks in the bolt holes was verified by destructive testing. As schematically illustrated in Fig. lea) , first, samples were laser cut from the region surrounding each bolt hole and then sectioned into two pieces along the diameter of the bolt hole. In the inward piece (the larger section), a notch was introduced opposite to the bolt hole and the sample was pried open by closing the notch in a vice. The second piece was loaded in three-point bending until failure. In both cases, crack faces were under tension during loading. After pry opening, the fracture surfaces were examined under an optical or a scanning electron microscope (SEM) as required depending on the crack size. Under the microscope, the service-induced LCF cracks were easily recognized from the rupture failure due to their smooth and oxidized surfaces and the crack size was measured. The specimens that did not reveal a crack on the fracture surfaces were further examined on the bolt hole surface to make sure that a crack was not missed during the pry opening operation.
Statistical Analysis of Data
The NDI data consisted of three possibilities; "hit", "miss" and "false call". For this type of data which is generated on the basis of one inspection per site, either the log-normal or the log-logistic distribution can be used. A comparison of POD curves using these two distributions is made in Reference [4] . As recommended [1, 4] , the log-normal function was used with maximum likelihood estimators to determine POD and confidence limits. The statistical functions and computational procedures are described elsewhere [5] . False calls >5% were taken into account in POD calculation using equations given in Ref. [1] . The crack length at a 90% POD level and 95% confidence ("90/95%" length) is often used as the initial flaw size in the damage tolerance-based design and maintenance approach. Therefore, the 90/95% crack length values were used as a simplistic way of comparing different NDI procedures.
RESULTS

Crack Profiles
Examination of fracture surfaces indicated that most cracks initiated near the edges of the holes and propagated inwards towards the disk bore. There were also some totally internal cracks as well as outward propagating cracks. Examples of different crack types are provided in Fig. l(b) while Fig. l(c) provides the distribution of different crack types as a function of crack length indicating that the majority of cracks were comer cracks less than 0.5 mm long. Most holes had a single crack but multiple cracks were also seen in many holes. The crack size was measured in terms of total area of the crack face and maximum length. In cases where failure did not occur through a crack, the bore surface of the bolt hole was examined and if a crack was found, the crack length at the surface was measured. Table I contains a summary of the test results which compares the performance of the different NDI procedures used. The percentage of cracks detected (hit rate) or incorrectly identified (false call rate) as well as the 90/95% crack length are provided. POD and the 95% lower confidence relationships to crack length are also shown in Figs. 2 and 3 .
POD Data
Liquid Penetrant Inspection-The LPI tests resulted in 35-59% hit rates and 0-6.9% false call. The POD curve for (III) was different indicating a higher rate of detection for small cracks but a much larger false call rate. Other POD data appear to be more representative of this technique as shown in Fig. 2(a) . The 90/95% crack lengths were in the range of 2.9-4.3 mm which are close to the values obtained in another investigation using similar disks [4] implying that the LPI results can be very reproducible if similar procedures are used. The largest crack missed by LPI procedures was in the 2-4.6 mm range. ( I ) produced no false calls but missed a larger number of cracks including a 4.6 mm crack.
Magnetic Particle Inspection-The MPI tests resulted in 90/95% values of 1.2-3.7 mm and false call rates of 0-26%. The largest crack missed by these inspections was in the 1.1-4.6 mm range. These numbers and the POD curves, shown in Fig. l(b) , indicate that the MPI and LPI procedures produced similar results for the test components used in this exercise. Comparison of the MPI results for the three laboratories clearly indicate that, once again, ( I ) achieved zero false calls at the expense of missing a large number of cracks while (III) called more hits but produced a very high false call rate (26%). In the latter case, a portion of the hits are likely to be false indications at crack sites.
Eddy Current Inspection-The detection rate for the manual ECI was in 61-83% range, false calls in 0-13% range and the 90/95% values in the range of 0.9-3.9 mm. The ECI results for three of the laboratories were very similar and these are probably more representative of this procedure than that of (I) which had very poor results as illustrated in Fig. 2(c) . The ( I ) POD curves for the ECI were very similar to their LPI and MPI results which suggest that ( I ) has consistently used less sensitive instruments or settings, missing a large number of cracks, or may have altered the outcome of inspections to match their other data. ( VI ) produced the most impressive ECI results by using a hand-driven jig (similar to a drill stand) to insert a rotating EC probe into the bolt holes. 1 1.6 4.6 1.1 3.8 1.6 1.1 4.6 1.3 1.6 1.1 Missed,mm
• Pattern Recognition was used.
An experimental automated EC system with pattern recognition capability was employed by ( IV ) using a non-contact spinning probe. The EC signals were interpreted both by an operator (ECI-A) as well as by pattern recognition techniques as designated by ECI-AP. Although, the automated inspections without or with pattern recognition analysis achieved better POD results as compared to their manual ECI as seen in Fig.3(b) , still the results were not as good as those of ( VI). The subsequent analysis of the automated ECI signals indicated that on many occasions during inspections, the eddy current probe had touched the bore of the bolt holes producing false indications. While the results of automated ECI were somewhat disappointing, they nevertheless illustrate that automation of inspections may not necessarily provide better results unless the equipment is properly designed and set up for specific inspections. Overall, eddy current procedures produced the best POD results among the techniques investigated in this exercise. Fig. 3(a) shows the POD results for the UU and XRI methods. For UU, the false call rate was 1.4%, the largest crack missed was 1.1 mm and the 90/95% crack length was 2 mm. These results are comparable to those of the eddy current technique. The false call rate for the XRI was low but this procedure missed a large number of cracks. The 90/95% crack length was 16 mm indicating that this method is not appropriate for detecting LCF cracks in engine components of the type investigated here.
Ultrasonic Leaky-wave and X-Ray Inspections-
MULTIPLE INSPECTIONS
The purpose of repeated inspections is to increase the POD. The POD calculations for double inspection are provided in Ref.
[I]. Here we have attempted to combine the data from two inspections of the same technique; those with the highest and lowest hit rates. The resulting POD curves are presented in Fig. 3(c) which indicates improvements in the case of LPI and MPI methods but no change for the ECI technique. This is due to the fact that the two LPI and MPI procedures were different and some of the cracks missed by one inspection were picked up by the second one. In the case of the eddy current method, the inspection which had the highest hit rate had picked up all the cracks that the second one detected and therefore the overall POD remained unchanged. 
SUMMARY
Among the techniques investigated, eddy current procedures showed the highest sensitivity and reliability in detecting LCF cracks in these specific components as indicated by the POD-crack size relationships and the crack sizes detectable at 90% POD with 95% confidence level. Automation of this procedure, in terms of inspection or signal interpretation, may improve the results only if the system is designed and operated properly. Ultrasonic leaky-wave POD results were also comparable to the ECI. Liquid penetrant and magnetic particle inspections produced similar POD results on the components but LPI results appeared to be more reproducible. X-rays inspection did not detect the majority of cracks and is considered inappropriate for application to engine parts of the type investigated.
Combining data for the best and worst of the same technique resulted in POD improvement in the case of LPI and MPI methods but no change for the ECI technique. Benefits from repeated inspections are realized only when the two procedures are different and some of the cracks missed by one inspection are picked up by the second one.
If damage tolerance criteria which require repeatable detection of cracks with characteristic dimensions less than 0.5 mm at 90% POD and 95% confidence are to be applied to the NDI procedures investigated, none of the inspections will be adequate for DT applications. Eddy current procedures have the most potential to achieve such requirements if further improvements are made in the signal-to-noise ratio.
